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2. INTRODUCTION 
 
2.1 General aspects and purposes 
 
Joint and fracture sets are common features in rocks. A joint (or an extensional 
fracture) is a break in rock mass with no relative movement of rock, parallel to the joint 
surface, on opposite sides of the break. In addition to its orientation, a joint set is 
characterized by the sizes and spacing of individual joints. In a given geological 
context, all these quantitative data are commonly studied using several methods.  
 
Some fracture studies based on outcrop analysis, as well as on analogue 
experiments and numerical modelling, relates  fracture density (number of fractures per 
rock volume) as a function of layer parameters (thickness, elastic parameters…). 
Usually authors base their analysis on single beds, attending or paying attention to the 
behaviour of one independent competent bed. Thus, geological literature contains 
abundant publications addressing the relationship between fracture density and the 
mechanical layering of rocks. In all of these papers, authors study the phenomena from 
several ways or directions. The study will try to examine how the authors study these 
phenomena and which way they use in order to carry out that. 
 
Concerning the general set-up of models (experiments/simulations), generally 
there will be a competent layer surrounded by weaker layers in three layer models (see 
Figure 1), simulated with finite element codes, with several kinds of data (empirical, 
outcrops, simulated,…). If not, this point is detailed in the next section. 
 
 
Figure 1. Typical three-layer model used by Bai and Pollard (1999, 2000) and also by some other 
authors. Heights and boundary conditions can vary depending on the authors. 
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Most publications on this topic report a dependency of fracture density on the 
thickness of the fractured, competent rock layers: in otherwise identical situations, a 
thinner bed will have a higher fracture density than a thicker one. Field observations for 
many, but certainly not all structural settings and lithologies indicate that joint spacing 
increases in some systematic fashion with the thickness of sedimentary strata. A 
shortcoming of the published studies is that they view beds individually and generally 
neglect the mechanical interaction between closely neighboured beds. As it is known, 
the grouping of layers into a mechanical package (may be at various scales) can modify 
the mechanical behaviour of an individual bed and make it to appear stiffer or weaker; 
for instance, a bed of sandstone is able to have different behaviours depending on its 
surrounding beds, which can be stiffer or weaker than the sandstone. The mechanical 
features of the whole package of beds will determine its mechanical behaviour. 
 
It is very important knowing these interactions both to understand the geological 
behaviour and to apply it in the reality. Geotechnical studies must take into account this 
interaction in the construction of civil works and other relevant constructions inasmuch 
as it can be a serious problem due to the decreasing in the rock mass strength and the 
possible circulation of interstitial fluids. In the study of carbonates, fractures are very 
important for the oil production, and the improved prediction of fracture density in a 
layer set can potentially be useful to improve simulations of hydrocarbon reservoirs. 
 
 
2.2 Structure of the study 
 
In the present work, models of layers in which a mechanical interaction between 
the neighboured beds is possible shall be simulated. Thus, the study will inspect 
conditions for formation of fractures, or a set of fractures, in multi-layered rocks, taking 
into account several variations in mechanical properties and thicknesses of the studied 
layers. The work consists basically of two different parts: 
 
• A literature study, in order to summarize a collection of publications 
about fracture studies and their conclusions. 
• Simulations and modelling, with the objective to investigate one aspect 
of fracturing, i.e. the effect of fractures on stress and strain distribution in 
neighbouring beds. The fracture process itself will not be studied, but the 
effect of fractures in one or two beds on their neighboured beds shall be 
investigated, applying some displacements and strains in the initial 
fractured bed(s), and seeing the result in the neighboured ones. 
 
To carry out the simulations a two-dimensional finite element software named 
PLAXIS shall be used. PLAXIS is a finite element package specifically intended for the 
analysis of deformation and stability in geotechnical engineering projects. The software 
has been developed by PLAXIS BV, which is a company involved in research and 
development of numerical models for the characterization of the deformation behaviour 
of soils. These numerical models are implemented in the computer program PLAXIS, 
which is used for the analyses of soil structures (dikes, building trenches, tunnels, 
foundation constructions, excavations…). 
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2.3 Key concepts and terms 
 
In the general geoscientific literature, the term ‘fracture’ means both 
extensional and shear fractures. In the present work it will for simplicity be used 
synonymous to joint, i.e. only for extensional and opening mode fractures. Thus, the 
terms ‘joint’ and ‘fracture’ refer either to those natural fractures with field evidence for 
dominantly opening displacement and to those with opening displacement, but produced 
in experiments using model materials. 
 
The term ‘joint frequency’, refers to the frequency of occurrence of joints in a 
rock. Notwithstanding, it can be understood like joint density or fracture density 
(number of fractures per rock volume). It means that no matter the way used to take the 
data from the field, the final units used to describe it will be 1/m. 
 
Also the term ‘joint spacing’ or ‘spacing of joints’ will be used as the 
perpendicular distance between two neighbouring joints or fractures. Actually, when we 
talk about joint spacing we are referring to the average spacing between the fractures in 
the set. Some authors do measurements of all the studied set, but some others prefer to 
divide the measurements into several presumedly co-genetic subsets in order to obtain 
more representative data sets. There exist common methods to measure fracture spacing 
in nature, like the line method and the area method, which will be explained in the next 
section. 
 
‘Layer thickness’ will refer, if not specified otherwise, to the jointed, competent 
rock layer, typically sedimentary beds, and it will mean the thickness of the layer which 
we are studying and analysing. 
 
The ‘spacing to layer thickness ratio’ is the result of dividing the average 
fracture spacing in the layer by the thickness of this layer. Opening-mode fractures 
(joints and veins) in layered sedimentary rocks often are periodically distributed with 
average spacing linearly related to the thickness of the fractured layer. The ratio varies 
between 0.8 and 1.2 for representative variations of the elastic constants of the fractured 
layer or overburden stress (depth) (Bai and Pollard, 2000). Several authors use the 
concept of ‘critical spacing to layer thickness ratio’ [(S/Tf)cr], which defines a lower 
limit for fractures driven by extension in a material without significant flaws, and this 
also defines the condition of ‘fracture saturation’ (see below). The critical value of the 
fracture spacing to layer thickness ratio is independent of the average strain of the 
fractured layer, and it increases with increasing ratio of Young’s modulus of the 
fractured layer to that of the neighbouring layers. 
 
There are two other parameters frequently used in the geological literature, 
which are the Fracture-Spacing Index (FSI) and the Fracture-Spacing Ratio (FSR). 
Narr and Suppe (1991) used the FSI as the slope of the regression line on a plot of 
median layer thickness versus joint spacing. Gross (1993) worked with the FSR as bed 
thickness divided by median joint spacing for an individual bed (Tf/S, i.e. the inverse of 
the spacing to layer thickness ratio), thereby providing the means to compare fracture 
spacing among different beds, where T is the thickness of the mechanical host layer and 
S is the mean joint spacing. Gross used median spacing for S instead of the mean in 
order to better represent a positively skewed spacing distribution. Both approaches are 
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designed to factor out effects of bed thickness, and higher FSIs and FSRs correspond to 
more closely spaced joints. Field studies reveal that FSIs and FSRs are typically within 
the range of 1 to 1.5. 
 
Several authors employ the concept of ‘fracture saturation’ (or joint saturation, 
or saturation density…), which is attributed to stress relaxation caused by fracture 
opening without significant fracture propagation. Fracture saturation is reached when 
the fractures are spaced so closely that no more fractures can infill, even with increasing 
strain; then, the additional strain is accommodated by further opening of existing 
fractures. Fractured beds with spacing to layer thickness ratio greater than the critical 
value have not reached the status of fracture saturation. Fractured beds with a spacing to 
layer thickness ratio less than the critical value are called “closely spaced fractures”. To 
explain the formation of closely spaced fractures, Ladeira and Price (1981) and Price 
and Cosgrove (1990) conceptually proposed that joints in thick beds (greater than 1.5 
m) are produced by hydraulic fracturing. This mechanism of hydraulic fracturing is not 
considered further in this paper.  
 
Finally, the concept of ‘stress reduction shadows’ refers to the stress reduction 
near joints. Some authors using this concept assume that stress perturbations occur in 
the vicinity of an open joint because the joint is a free surface, and hence acts as a 
barrier to the transmission of tensile stress. The remote tensile stress required to drive a 
crack decreases with increasing initial flaw size. As a consequence, for a constant 
applied extensional strain, the minimum allowable distance between two adjacent joints 
decreases with increasing flaw size. The dependence of joint spacing on flaw size is 
demonstrated and shows stress contours around a joint. 
 
